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| РКЕҒАСЕ 


The purpose of this peper weese to collect eand inter- 
pret es much evidence és possible perteining to Cleyton's 
Hypothesis, which states: In becteria in generel the abil- 
ity to react to ən external stimulus is necessarily linked 
with the active procese of metabolism of nutrients et the 
time of stimulation, wherees protozoa heve in generel 
ENNVed the ebility to resct to an external stimulus in the 
absence of nutrients. 

The euthor wishes to thank expecially Professor 
Roderick K. Clayton for his velueble+suggestions, Ahron 
Gibor of the Hopkins Marine Station for the privilege of 
ШЕЙЕТПІР in his leboretory, end Dorothy Farmer for her 
assistance end patience. ` 

This work has been done under the sponsorship of 
AFSWP, to whom the euthor also wishes to express his 
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GENES ER I 


INTRODUCTION 


l. The Present Problem. 

Ihe purpose of this investigation wes not only to sur- 
МЕУ therlitsreture Гог eny kind of evidence on becteria end 
protozoa concerning théir responses to externel stimuli, but 
elso to correlete this informetion with evidence concerning 
metebolic changes during stimulation. It wes then hoped that 
these combined deta might help to interpret Clayton's Hypo- 
thesis: In becteria in general the ability to reect to an ex- 
Memmel stimulus is mecesserily linked with the ective process 
of metebolism of nutrients et the time of stimulation, where- 
as protozoa have in generel evolved the ability to react to 
en external stimulus in the ebsence of nutrients. 

We shell begin by reviewing some of the more important 


terms involved in this problem. 


2 ртесшвејоп of Terms. 

The centrel feature of e11 vital processes is metabol- 
fete сес е theeintricete processes concerned in 
пе бгескаоип of foodstuffs, the synthesis end derrsdation 
рисала Constituents, end the utilization əf verious 
reactions to releese energy recuired for the proper func- 
tioning es well ss for the repeir end growth of protoplasm. 


Ihes® energy reléesing reections are of two types: respira- 








end исинен ех 1 оп. Respiretion utilizes the molecular 
oxygen of eir (aerobic), wherees fermentation proceeds in 
the ebsence of sir (enserobic), end in many instances is ed- 
ШЕР ету effected by tbe presence of oxygen. 

The foodstuffs required of eny organism depend primer- 
ily on the synthesizing ebilities which the orgenism possess- 
es. For exemple, a green plant is eble to synthesize 811 
its constituents from cerbon dioxide, weter and minerals; 
such en organism is known as autotrophic. In eddition, a 
green plant requires light es a source of energy for synthe- 
sis and is therefore called photo-autotrophic. (17) Hetero- 
ПЕ Іс orgenlems er@ those which ere uneble to utilize cer- 
bon dioxide es the sole source of carbon but require some 
form of organic matter, living or deed, which hes been syn- 
thesized by some other orgenism. (6) 

Another basic feature which distinguishes living forms 
from nonliving metter is edeptetion. Adaptation is of two 
sorts--the long-renge adaptive modifications of evolution, 
end the immediete mementery adjustments to chenges in the 
environment. 

To simplify our language, we speek of a change in the 
environment as a stimulus. The sptcific change in the líiv- 
ing system is called excitation. 

The degree of excitstion veries with the strength апа 
duretion of the stimulus. However, when the degree of excl- 


Осе ыз © certain level, many living systems undergo 





Вит тег chenga Which is not relcted In degree to the 
strength or duretion of the stimulus, but does depend on 

the internal meke-up of the living system. This change is 
called e response. In other words, when e reeponse is elic- 
ШИ its magnitude Dears no necessary relation to the 
strength of the stimulus. Actually, a response involves the 
ессе of stored energy, end its degree is limited by the 
emount of stored energy aveileble. (17) 

With respect to our immediete problem, it should be 
pointed out thet in those ceses where the tsctic response is 
definitely "linked" with en early metebolic pethwey (е.г., 
Rhodospirillum rubrum), the connection is not thet this path- 
wey provides energy which is then diverted to the response; 
retker, it M some substance is involved in the meteb- 
olism which ects es e "trigger" for the response, the energy 
being derived from stored sources. 

Perhaps the following exemples end diegrem will make 


this cleer: 


Case I: Rhodospirillum rubrum 


Trigger: Amplifi- 
Stimulus & trensi- Simmel imetion of Response 
leg., г ent сһепре signel 


decreese in the con- 

in illum- Icentration of 

inetion) some substance 
involved in | 
the metebolic 
pethweys 





о d 


Energy for these 
processes comes 
from stored sources. 





Cose II: surlene 











For Euglena, the disgram is the seme as above, except 
thet the "Trigger" end its activation ere incorporated іп а 
seperate mechenism which has nothing to do with the metabo- 
lism, except insofar as the letter builds end maintains the 
mer. In other words, the trigger mechanism cen operate 


during periods of stervation. 


5. Historicsl Survey. 

ОЕ Unnot eed by eerly zoologists, «normous progress 
hed been made in the investigation of directed movements of 
plants end of freely moving unicelluler orgenisms. Here there 
memo delger Of obscuring the. reel problems with enthropo- 
ШОС phresés. The eciwntific conception of geotropism 
goes beck to Knight (1806) and of photo-tropism to De Cendolle 
(1832). The conception of these two phenomens which is cur- 
rent todey is due to Sechs (1832-87). In the ten yeers be- 
fore 1888 a remerkeble series of important publicetions on 
the movements of unicelluler organisms leid the foundetions 
of the scientific treatment of sensory physiology, and the 
principel new terms were invented ebout thet time. Stras- 
burger (1878), in e fundamentel study of the movements of 
swerm spores end flefrelletes in response to light, used the 


Bernephoto-texis to distinguish the locomotory resections of 





DONE oO panes from the photo-tropic reactions of 
sedentary plants. Then Pfeffer (1883, 1884, 1888), in an 


equally fundemental series of investigetions on the attrac- 
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tion of the sperm of ferns end mosses by chemicels, estab- 
lished the term chemo-texis. Schwarz (1888 ) described cer- 
tain behevior of the green flegellates Chlamydomonas and 
Euglena as geo-texis, though we know now that the term is 
inappropriate for these particuler reactions. (5) 

Engelmenn (1881) wes probebly the first to cell etten- 
пио сре type of phenomenon celled chemotropism. Не 
found thet certein bacteria and Infusoriens gather around & 
Source of oxygen, This wes evidently a response to changes 
in the concentration of the oxygen, the orgenisms eccumula- 
ting where tension of oxygen wes meximum. (10) 

Engelmann elso mede another important discovery: the 
photo-kinesis of Amoebe (1879), dietoms end Paramecium (1882), 
end perticularly of Becterium photometricum (1883). His 
Ld tocbetoof Jenninps on the*cilistes. Thermotrorism 
wes discovered by Wortmann (1883) for plents, end Verworn 
(1889) used the same term for reactions of Amoebe. (5) 

The best summary of the whole problem of tropisms thus 
far is thet of Jacques Loeb. 

The concept of & tropism or Tortel movement, in thé sense 
used by Loeb, was as follows: Animels ere provided with sym- 
metrically arranged receptors nd with similéerly errenged 
effectors. The ection of 8 directed stimulus (e.g., e beem 
of light) will, if it falls unequally on the verious recep- 
IESO типа! ection by the effectors. The animal 


willl consequently move slong e curved path until such time 





es the receptors ere equelly stimuleted by the stimulus. At 
such time the effectors will ect equally, end the animal will 
then move in se line determined by the direction of the stim- 
ius. Attempts to prove that 211 enimel reactions follow 
w pattern have not been successful, and thé term tropism 
is now used mainly in its eerlier snd more limited sense to 
refer to bending responses of sessile plenis and animals. 
ШИРЕГЕгГпП taxis is now in génreral use for reactions involving 
leromstion. (17) 

The green flegelletes show s directed reection in Loeb's 
sense. When they encounter a region of increesed light in- 
tensity, the photosensitive eye spot in some manner céuses 
the flageller beat to alter so es to place the long exis of 
the enimsl In line with the light beam. 

ln the cese of most Protozoa, however, locomotion is un- 
directed. The clessicel exsmple of this kind of behevior is 
provided by Feramecium. If this enimel swims into в hot re- 
gion, it backs ənd turns end starts off again in a different 
direction; if it egain reeches the hot region, the backing 
end turning ere repeated end so on until it cen swim forward 
freely. Identical reections are shown when Paremecium swims 
into solutions of certsin chemicels. This is whet Jennings 
called ‘trial end error' end Holmes 'the selection of rendom 
movements’. (5) 

Ever since 1883 (Engelmann) the so celled purple bacter- 


ia heve been suspected of: having photochemicel metebolism 








Ber to thet of green plents. But it hes only been within 
the pest 15 yeers or so thet some definite knowledge of their 
metebolism end nutrition hes been obtained. (15) 

Likewise with tactic responses, only since Manten (C12) 
іп 1948 proposed thet the phototexis of the purple becterium 
Rhodospirillum rubrum is dependent upon a sudden reduction in 
the rete of its photosynthetic metebolism, hes new knowledge 
of their mechanisms been obtained. 

Cleyton's Hypothesis suggests thet the reletion between 
texis end metabolism displeyed by R. rubrum is found in ell 
becteria which exhibit tectic responses; an exeminetion of 
observetions recorded in the literature might elucidete this 


Question. 





CHAPTER II 


BACTERIA 


introduction. 

To better understend becteria, their metabolic pro- 
Esp ss. end their specific reactions to stimuli, a survey 
of some of the more importent aspects which relete to this 


problem are presented in this chepter. 


2. Metebolism end Nutrition. 

Nutrition of becterie provides foodstuffs filling two 
needs: meterials for the construction of protoplesm and 
materials serving es oy reservoirs for the endergonic 
physicel end chemicel processes of the organisms. Cften 
it із difficult to seperate these two processes end to study 
them seperately, for the seme substance absorbed by the or- 
КООШО Шегу be Used in pert for building meteriel end іп 
pert for fuel. (6) 

When a suitable material is added to e suspension of 
Weemed сегобјес becterie, it is metebolized, oxygen is con- 
ЕШПЕС, and cerbon dioxide is @volved. If no essimileble 
томе is included in the medium, multiplication does not 
ӘСІП end ео неге mey СЕ в pain in the dry weight of the 
orgenisms. To this phenomenon is applied the term oxidetive 
essimiletion. (9) 


We find thet oxidetive processes ere required for all 





enebolic syntheses. The phenomenon of oxidetive essimile- 
tion is en exemple of how oxidetion of a substrete may serve 
a duel purpose es e source both of energy end of intermedi- 
ete metebolites required for synthetic processes. A further 
finding thet demonstretes the importence of the essimilatory 
function of oxidetion, іп contrast to the purely enerpy yield- 
EN лосос, 16 the observation thet oxidizeble substrates 
КООШ ler cerbon content but dissimiler energy content cen 
supply equal quentities of assimilated cerbon during oxida- 
ass im1lletion. The sesimiletion is et lesst to e certein 
extent more dependent on the chemicel neture then on the 
free energy content of the oxidized substrete. (9) 
imenoLlorogicel Conversion of cerbon dioxide into organ- 
іс metter in the presence ОГ light is known es photosynthe- 


Sis. Therefore, since the green end the purple becteria ere 





cepeble of producing this reection, they ere slso considered 
to De» photosynthetic organisms. 

The photosynthetic bacteria ere generelly divided into 
two groups on the besis of their nutritional requirements: 
1) the Thiorhodecesae, comprising the freen end purple sulfur 
thet develop in a minéral medium in the presence of hydrogen 
sulfide and 2) the Athiorhodecece, embracing the purple bec- 
teria thet require organic substences for growth. (18) 

The most important contributions on the photosynthetic 
ectivitiés of these’ photosynthetic bacteria heve been report- 
ed by ven Niel (1935, 1936 e). (2C)(21) 





It mey be concluded from ven Niel's experimentel re- 
sults thet photosynthesis in these bacteria (often inhibited 
by the presence of free oxygen) requires unusuel hydrogen 
EU for the photochemiecsl reduction of cerbon dioxide. 

Ine generel ræection: 


light 
PaRa $ CHC но 2А 


NN Used to express the meteboliem of both groups of or- 
genisms. (18) Here "HoA" is the hydrogen donor: HoS, eny of 
the simple organic ecids, etc. 

It hes long been known thet there exist microorganisms 
cepeble of menufecturing all their cell constitvents in derk- 
ness from cerbon dioxide as the only csrbon source. These 
"chemosynthetic" or "chemoeutotrophic" becteria meet the en- 
Pee ee Seuirements for cerbon dioxide sssimiletiou by the OX- 
idetion of inorgenic cubstances. Outstanding examples are 
ОЕБС thet oxidize hydrogen, emmonia, nitrite, or re- 
duced sulfur compounds. Studies of such bacterie heve shown 
thet chemicel energy derived from the oxidetion of meny mol- 
ecules of thé inorgenic substrates can ectuslly be eccumu- 
pue end used for сте sssimilletion of e very much smelter 
number of cerbon dioxide molecules. Hereby is revealed a 
definite similerity with the photosynthetic process which 
also requires the pooling of smell emounts of energy. (22) 

These chemosutotrovhic becteria accomplish a trans- 


formetion of cerbon dioxide into organic metter--end do so 


E 





Ооо the benefit of radiant enerry. The demonetreble 
existence in microorganisms of mechenisms for cerbon dioxide 
Als tion thet” cen function through a series of exclusive- 
des rk reectionms couseouently mekes it possible to view with 
OE mer confidence the previously developed conclusion thet 
EN U5tosynthesis, too, the reduction of cerbon dioxide 
proper must be brought about by e sequence of non-photochem- 
mee events. | 

In algee, as well asc in purple bacterie, the occurrence 
ЕП шо0ес о7 cerbon dioxide essimilation hes been estab- 
lished. Geffron, іп 1950, succeeded in so moditying the 
merebolic ectivities of e culture of Schenedesmus, by enee- 
КОБИ 1 псореїіои in the derk, thet, upon {lluminetion, the 
Orgenisms no longer produced oxygen but cerried out a photo- 
Synthetic reduction of cerbon dioxide with the eid of molec- 
uter hydroren. Their photosynthetic metabolism hed thus be- 
Comae сеп ату similer to thet of purple bacteris. Апа 
elgee со treated can also assimilate carbon dioxide in com- 
Pee sderknecs whi he.oxidizing morecvler hydrogen with oxy- 
сеп es the final ecceptor. 

Similerly, those purple becterie that cen photosynthe- 
size and grow in the presence of eir, may also be grown in 
derkness provided air is present. 

The composite of the ebove-mentioned fects demonstretes 
not only thet verious chemoevutotrophic microorrenisms are 


endowed with a mechenism for reducing carbon dioxide by means 
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AA ACUSE ly derk resctions, but furthermoré that such 

mechenisms ere encountered іп normelly photosynthetic orgen- 
isms, end elso thet cerbon dioxide essimiletion during pho- 
tosynthesis consists of a series of non-photochemical reac- 


Bons. (22) 


3. Early Studies in Behavior. 

One of the fectors most commonly determining directions 
of movement of bacteria 18 oxygen concentretion. Bacteria 
differ grestly as to the concentretion of oxygen in which 
they grow best, end certain motile forms very definitely seek 
e characteristic concentretion. (1) 

Engelmenn (1882) made practicel use of this phenomenon 
of eerotexis in studying the effect of verious reys of the 
Бре es to their sbility to induce photosynthesis in al- 
gel filements. These letter were pleced in e drop of weter 
containing orgenisms which show positive eerotexis, end e 
spectrum was thrown on г filement so thet successive seg- 
ments were in different colors. Under the microscope Engel- 
mann could determine from which portions of the filement ox- 
уреп wes evolved most repidly (showing thereby most repid 
photosynthesis) by the sbundence of the becteria clustered 
ebout the segment. As a result he was able to show thet pho- 
tosynthesis wés most active in the red portion of the spec- 
trum. (1) 


The purple bacteria are sensitive in different degrees 
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Еве Ot different colors, tending to gether іп certaln 
colors more than in others. This wes shown in a most strik- 
ing way when 8 spectrum is thrown on e preperetion of Chro- 
metium photometricum. Тһе lergest number of tbe becterie 
collect in the infra-red rays. There is another collection 
in the yellow-orange region, while a few are scettered through 
ге вкгесп end blue. None are found in the red, the violet, 
or ultra-violet. (7) 

Jennings (1906) wrote thet it wes a most interesting 
test the colors in which the bacteria collect are ex- 
ectly those which sre most ebsorbed by them, end are also 
those which ere most fevoreble to their metsbolic processes. 
This is the more remsrkeble when we consider thet under net- 
urel conditions the becterie rarely if ever heve opportunity 
to react to the separated spectral colors. 

Besides the purple becterie, a green form, Becterium 
chlorinum, is known to assimilate cerbon dioxide and to col- 
lect in light, in the seme manner es do the purple species. 
(7) 

Ine movements of the orgenism ere undoubtedly the ex- 
pression of energy derived from metabolism. The organism 
КЕӨ тү сакев що епегру with its food end in otber ways, 
ead Continually gives off this enérgy in activities of veri- 
ШЕ болса, Slee point of importence is thet this ectivity 
РА сес more lerpely on thë pest *xternel conditions 


through which the energy wes stored up then upon present ones. 
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Thus the orgsnism may move without the present ection of eny- 
thing thet mey be pointed out as а specific externel stimulus 
MAS movement. It is only tne chenge in the .movement, 

elicited by a stimulus, for which thet stimulus must account. 


This fect is of greet importence for understanding behevior. 


4. Summary. 

Among different kinds of becteria there are certain con- 
stent differences in their reactions. A reletion of great 
Significence becomes evident on exemining the fects; behav- 
life processes--especislly the metabolic processes. Bacteria 
thet require oxygen in their metabolism collet in weter con- 
telning oxygen; becterla to which oxygen is useless or harm- 
ful avoid oxygen. Bacteria that require light for the pro- 
per performance of their metabolic processes gather in light, 
while others do not. When one color is more fevorable than 
others to the metabolic processes the becteris gather in 
thet color, even though they mey under netural conditions 
һауе no experience with seperated spectral colors. Keeping 
in mind thet all these collections sre formed through the 
fact thet the organisms reverse their movement when pess- 
ing out of the favorable conditions, these reletions can be 
summed up es follows: Behevior thet results in interference 
with the normel metebolic processes is changed, the movement 


being reversed, while behevior thet does not result in in- 
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t ors 1 metebolic processes is con- 
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ОПЕТ ЕК ИТТІ 


PROTOZOA 


introduction. 

There are excellent reasons to believe thet the proto- 
zoa stend et the bese of the evolutionary tree for both plent 
end enimel kingdoms. The green flegellates cannot be separ- 
Smeemcaxonomically from the’flegelleted green elgee. The 
Mae tes ргобеб1ју вгове from bacteria, among which flegel- 


lated forms are common. (17) 


Seer ative Functions. 

It is possible to set up a nutritive clessificetion of 
organisms on the besis of 1) the source of energy utilized, 
end 2) the specific requirements for preformed compounds, 
especially nitrogenous compounds. 

Certain of the green flagelletes are normelly typicel 
photosutotrophic orgenisms, but most of these are feculte- 
E nst 15, trey cen utilize certein organic compounds 
when these sre aveileble. Thus most of the flsgelletes (list- 
ed in Appendix I) can utilize ecetste, many can utilize buty- 
Раше eng в few cen utilize eny of thw*orgenic ecids from ece- 
tete (CHzCOC~) to leurete (CycH2]C00”). Likewise, meny of 
the green flegellstes will utilize amino ecids if these are 
supplied, although they ere able to grow with nitrete or 


emonla as the sole nitrogen source. 
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There ere, however, meny green flegelletes which cannot 
subsist on 211 аз the sole source of nitrogen. It, 
should be pointed out thet these nitrogen requirements, end 
probebly other requirements as well, often depend on cultural 
(істе. Folytoma uvellle, a colorléss flagellate, cen 
utilize emmonie only if ferric iron is present. Several fla- 
Benletes eerlier thought to require peptones cen be grown 
on ammonium end ecetete if thiemin (vitemin В.) is supplied. 
(17) 

Neeriy all heterotrophic organisms require thiamin for 
growth snd activity. This compound is an essentiel component 
of en intracelluler enzyme system (carboxylsse) concerned 
with the breakdown of pyruvic acid, end hence is of primary 
importance in intermediary metabolism. Many flagellate pro- 
tozoans, however, can synthesize thiamin. 

The over all picture is one of incressing variety in 
nutritive requirements. For this, two alternetive explene- 
tions might be proposed: 1) An increesed complexity in mete- 
bolic processes, meking necessery а greater verlety of con- 
pounds to meet new needs; or 2) a decreased synthetic ebil- 
ity, making the enimal more and more dependent on external 
supplies of compounds synthesized by more primitive organ- 
isms. 

There is good reason to believe thet the second explen- 
ation is the correct one. Some of the compounds recuired és 


nutrients by meny protozoans--for instence, the amino acids, 


ү 





thiemin, hemetin--are known to be of fundementel importence 
in metabolic exchenges in ell orgenisms. They are undoubt- 
edly synthesized by photoeutotrophic forms; however, there 
се doubt thet heterotrophic forms have lost this syn- 
thetic power. Іп certein cases, as with thiemin, we find 
Oreenisms which can synthesize portions of the molecule if 
precursors are available. This fact slso suggests, not a 
progressive incre se in synthetic ability, Dut rather e pro- 


gressive decreese. (11) 


pe ceding. 

Feeding mechanisms in protozoe, es in ell animals, ere 
releted to the nutritive habits of the enimel. The sutotro- 
phic and seprozoic forms heve no evident specisl feeding 
mechanism; they "feed" simply by the ebsorption of dissolved 
substances from thè medium. It seems probable thet in many 
species this absorption involves speciel chemicel mechenisms 
end does not depend simply on diffusion, but we have no idea 
of the nature of such mechanisms if they exist. (17) 

Ап amoebe feeds upon other microorfenisms, especielly 
smeller protozos or bacterie. When one of these is encoun- 
tered by the animal in its wenderings, one or more рзеџдород ~ 
ia wrap themselvés around it; they flow together Baa teke 
the object into the interior of the cell. Here it is con- 
tained in a droplet of water, forming enother vacuole, into 


which digestive enzymes ere secreted. These dissolve the 
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 гогеепівг, therproducts of dieestion are ebsorbed into 
the protoplasm end become e part of the emoeba. Thus the 
nutrition of the amoeba is much like thet of e higher ani- 
mal. (6) 


4. Locomotion. 

toe importance of locomotion in generel may also be 
noted. Perhaps its primitive significence is in relation. 
TOmGitfusion. The oxygen, cerbon dioxide, minerals, or dis- 
solved foodstuffs required by small organisms may be sup- 
РОСО у diffusion es rapidly as they ere removed by the ac- 
ПИШЕ ЭГ tie orgenism, end like-wise ёхсгеогу products 
mey be removed by diffusion. If the animal reeches eny 
greet size, however, diffusion repidly becomes inadequate, 
not only to bring enough materials to or remove them from 
the immediete vicinity of the animal, but even to allow 
these meterials to pese into or out of the body of the ani- 
mal. The rete of diffusion out of or into a cell depends 
upon the surface area of the cell, but the rete of metabol- 
ism is releted to the total amount of living substence end 
hence to the volume of the cell. Since with increased size, 
the eres increeses as the square of the lineer dimensions, 
whereas the volume increeces es the cube of the same dimen- 
sions, incressed size soon becomes e hendicsp, es the requi- 
site rete of metebolism overtakes the diffusion capacity of 


the surfece. 
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Мошо ом provides & wey out of this difficulty. By 
permitting the animal to move out of a region deficient in 
those materials which are being absorbed and rich in those 
given off, locomotion enables the snimal to meintein the max- 
imum gradient possible between the cell contents end the im- 
mediate surroundings of the cell, with respect to the verious 


substences which must diffuse into or out of the cell. (17) 


5. Early Studies in Behevior. 
Change of activity is often produced by external agents. 
Whet is of interest is the fact that in any given organism 
the resction to en external agent depends on the physiologi- 
csl condition of the orgenism. The nature of the reaction 
often depends upon whether it favors the metabolic processes; 
if meterial for these processes is lacking, the reaction to 
stimuli is of such a charecter es to secure such meterial. (7) 
The well-fed organism reacts negatively or not at all 
to thet stimulus to which the hungry individual reects posi- 
tively. Thus, the Feremecium bursarie that hes exhausted 
its supply of oxygen behsves in one way with regard to light; 
the individuel in which respiration is progressing normally, 
іп enother wey. Innumerable examples illustrating this prin- 
ciple cen be found in the behevior of lower and higher organ- 
isms. It is hardly too much to sey that the progress of the 
шешеро степа опњшег physiological processes is the chief fac- 


tor in determining the behevior of lower orgenisms. (7) 
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By wey of exemple, the green infusorien Paramecium bur- 
Seria requires oxygen for its metebolic processes. Suppose 
thet while swimming about, it comes to a region where oxygen 
Ката. it will chenge its behavior, turn awsy, end go 
in some other direction. The white Paramecium caudatum also 
Goee tie seme, end so do many becteria; they likewise re- 
(и охушеп for their metabolic processes. All reject a re- 
gion without oxygen. If, however, the weter conteins plenty 
of oxygen and the green Paramecium bursaria enter a derk re- 
gion, the metebolic processes will proceed uninteruptedly. 
Hence, the orgenism does not change ite behavior, but will 
weer tne dsrk region without hesitetion. If the oxygen іп 
the water becomes nearly exhausted, the organism will swim 
about in the light and the green chlorophyll bodies which 1+ 
Es produces e litte oxygen which thie infusorian usés 
Шишо шетороЈ1е ргосезсев., Now if the microorganism enters 
e dark region, the production of oxyren by the green bodies 
ceases: they no longer supply the metebolic processes with 
this necessery factor. ‘It is then observed thet the infu- 
sorien rejects the derkness end turns in enother direction. 

The white Peremecium caudetum does not do this, nor do 
the colorless becteria. Possessing no chlorophyll, they re- 
ceive no more oxygen in the light then in the darkness, end 
they pass into darkness as readily as into light. (7) 

One of Jennings' meny experiments hes become e classic. 


РИС ЕТІ 15 воррогтЕеа at “Пе! согпегс by short legs 
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end the space between it end the slide is flooded with а 
dense suspension of Paremecium іп tap-weter. A bubble of 
cerbon dioxide, « drop of soda weter (i.e. cerbon dioxide 
solution), or e drop of very dilute scetic ecid solution 
(N/10-N/100) is then injected so es to lie under the center 
 ШФсоувг-с11р. Іп Téss then e minute the majority of the 
Peremecium form e dense ring et a little distance from the 
acid or the bubble. As the scid diffuses outwerds, the ring 
moves ewsy end eventuslly the enimels are egsin uniformly 
meee buGced through the fluid. Observation of single individ- 
uels shows that they arè active all the time, unless they 
fail to turn back end thus get into too concentrated acid; 
Boy, шлеу turn away from the acid at some, short distence 
from it end then turn back st some greeter distance. (5) 

An enslogous cese has been discribed by Fox (1921) for 
the flegellete, Bodo sulcetus, which rescts to oxygen gredi- 
ents (end not to carbon dioxide gredients). The preferred 
coneentretion is lower then air saturation, and the flegel- 
lates themselves reduce the concentration quite quickly if 
they ere present in sufficient numbers. The result is thet 
they aggregate first of all in the center of the cover-slip. 
The resulting dense mass of flsgelletes reduces the oxygen 
concentration below the preferred value, so that they then 
form & ring which moves slowly outwards. At e er tein dis- 
tance from the center this ring becomes stabilized, end et 


this distence the entrance of oxygen from the eir sround the 
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edges of the cover-silp just balences the oxygen consumed by 
the flegellates. (5) 

Behavior depends upon the metebolic processes, end is 
of such a cherecter es to fevor them. It is found thet even 
when the metabolic processes of a given individual chenge, 


chezbehevior chenges in a corresponding way. 


6. Summery. 

One mey sum up the externel fectors thet produce or de- 
termine reéctions in Protozoa es follows: Although the or- 
РӘШ пау гевсі %0 г change which is neither beneficial nor 
ШИЕЙ 005, іп most cases enytning thet tends to interfere 
with the normel current of life ectivities produces neretive 
(evoiding) reections, while eny chenre thet tends to restore 
or fevor the normel life processes mey produce positive re- 
ections. Chenges thet in themselves neither interfere with 
nor essist the normel stream of life processes may produce 
negetive or positive reactions according as they are usually 
followed by changes that are injurious or beneficiel. Wheth- 
Smee riven chenge shell produce e reectlon or not, often dė- 
pends on the degree to which the metebolic needs of the or- 
genism are setisfied under the existing conditions. This 


mekes the behevior fundementally reguletory. (7) 
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CHAPTER IV 


EEUU SSUYPOTHESIS 


l. General Discussion. 

It is reedily apperent mong higher animals thet bodily 
РбмМесес гепцігітг епегру do not cesse during stervetion. 
Musculer activity is possible in humans after many days with- 
out food, end the energy thus utilized is withdrawn from 
compounds stored within the body. 

When other organisms, including becteria and protozoa, 
are cut off from their food supplies metabolism usually goes 
on at в diminished level with the oxidation of various meter- 
lels previously eccumuleted. This ectivity is called endog- 
enous metsbolism (or catebolism). 

However, Clayton hes speculeted thet there exists e 
difference between becteria and protozoe in one important 
era, With beepect to responses to stimulation. 

As outlined briefly above (p. 5), it is hypothesized by 
Cleyton thet in becteria there exists e "trigger" mechanism 
Piers SO ittimeaeely escociated with the metebolic pathweys 
thet during stervation ít cannot operate. 

Bacterjsl Starvation 
Blocwed 


Trigger: | Signel Response 
eltered because emplified LM 


retabolic peth- 
EN  — 


weys chenged. 


Stimulus 


| 





However, stored energy 
avel lable for general 
motility: 
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In protozoa on the other hend, this "trigger" mechanism 
cen operete during periods of starvation. 


РО оте tesrvstinan 


Endogenous metabolism 
supplies energy from 
stored sourses. 

nes Been penerelly obcérved thet sterving enimels 
ere cepeble of muscular exertion, thet starving protozoa 
NeESDound to se stimulus, end thet initielly healthy motile 
becterie will remain motile for e time in a properly buf- 
Терей isotonic solution free of nutrients. Evidently then 
ООО cetebollsm does yield useful energy under certain 
СО | 005. » 

Шене тел Јо Lilustrations of this later situation ere 
Piewetvuares med@ of the carbon dioxide) fixing capacity of the 
eutotroph Thiobecillus thioxidens when respiring endogenous- 
ly. 

nesting cell suspensions of this orgenism were exposed 
to sulfur in the sbsence of cerbon dioxide.  Phosphete up- 
Ex"coceubpredcupon tbw oxidction of tae sulfur, but no growth 
wes possible in the ebsence of a cerbon source. Subsequently 
when the orgenism was freed of inorgenic sulfur and cerbon 
(касе wes introduced into the culture, cerbon dioxide wes 


fixed and phosphete simultaneously released, In this situa- 


tion 1t is obvious thet the essimiletion of the carbon diox- 
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во Crewing ороп en endogenous substrate for enercy since 
the exogenous energy source has been withdrewn. 

When a bacterium metabolizes exogenous substrates it 
accumulates critical substences first and later stores re- 
serves which often сап be recognized cytologically es inclu- 
Bion bodies. During stervetion the reserves disappeer, but 
the critical components ere preserved until the stress be- 
comes too great end the orgenism dies. Thermodynamic con- 
cepts suggest that compounds of low energy content ought to 
be synthesized eerly end be reteined the longest. (9) 

With these generel ideas in mind further informetion 


concerning this problem wes collected. 


2. Bacteria. 

In 1844, Draper found thet, when the prismatic spectrum 
of the sun wes thrown upon ə plent, the lergest amount of oxy- 
gen wes liberated in the yellow-green region. And Timiriazev 
meee, 1075, 1877, 1885) Pointed out thet utilization of 
light energy cannot take place unless light is sbsorbed by a 
"sensitizing" pigment. (16) 

Lommel (1871, 1872) pointed out thet the basic princi- 
ple of photochemistry, known es Herschel's Lew (no photo- 
chemical ection without light absorption), requires thet the 
spectral maximum of photosynthetic efficiency coincide with 
the ebsorption meximum of the sensitizing pigment. (16) 

Timiriazev (1869, 1875), Muller (1872), Engelmann (1882) 
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end Reinke (1884) peve experimental proofs of this coinci- 
вое, by showing thet the photosynthetic @fficiency of 
green plants decreases steadily from red through yellow to 
ereen, parallel with the decline in absorbing capecity of 
chlorophyll. (16) 

Engelmann (1883) noticed thet the meximum of the photo- 
Bymumetic efficiency of red elgae lay in the greén pert ofr 
the spectrum, end thet of blue elgee, in the yellow. As in 
the case of the green plents, the position of the maximum of 
photosynthesis coincided roughly with thet of the maximum of 
игр 120. A yeer lester Engélmenn concluded thet ell 
pigments thst contribute to light absorption by the algae 
elso contribute to photosynthesis. (16) 

As we have seen previously, the reections of freely 
moring organisms to light ere termed опетотестјео movements 
or more briefly phototexis, end this wss described іп motile 
animals as well es in motile plents such es green гірге, 
(аде! 12те6, end purple bacteria. 

The mein objective will now be to present evidence which 
Will indicete under whet circumstences the “ection spectrum" 
for phototexis (sensitivity of the response vs. weve length 
of light) resembles that for photosynthesis (or metabolism), 
indiceting en essociation between the two processes. 

We owe most of our eerly knowledge of phototexis in 
purple bacteris to the investigations of Engelmenn (1888). 


He emphasized thet the eccumulstion of phototactic orgenisems 


27 








EM spectrum which pertielly illuminetes the microscople 
field is due to the organisms' property of executing e so- 
‘celled "shock reaction" (avoiding reaction) on the sudden 
NEUetion in the light intencity which the organisms under-~ 
go in entering the derk zone. As а result of this phototac- 
tie resection, the direction of movement is reversed, which 
prevents thè organisms from crossing the boundary from light 
Berk, біса, conversely, thw organiems ere not prevented 
in their random movements from entering the illuminated part 
out, Or the derk, a light zone ects like a trap. Consequently 
these becterie seccumulete in those perts of the spectrum 
which "sappeer brightest" to them. (14) 

A most interesting fect pointed out es eerly as 1888 
by Engelmenn wes thet if a spectrum wes thrown on the cul- 
tures of photosynthetically ective bacteria, they eccumulated 
in the ebsorption bends of the green pigment (which we now 
cell becteriochlorophyll), (16) end thet the colors in which 
the bacteria collect ere ӨСІ those which ere most sbsorb- 
ed by them, end ere élso those which ere most fsvorsble to 
their metebolic processes. (7) 

Purple bacteris elso contain numerous cerotenoids, with 
ebsorption bands cleerly seperated from those of becterio- 
chlorophyll. (16) Besides the purple becterie, a green form 
pecterium chiorinum, is known to assimilete cerbon dioxide 
and to collect in light, in the seme menner as do the purple 


species. (7) 


28 





Turning to more recent investigetions, Menten (1946), 

ТП віпдйуіпр the ection spectrum of phototaxis of Rhodospiril- 
lum rubrum, found peeks corresponding to the absorption peeks 
of becteriochlorophyll (5900 A) es well es to those of some 
of the carotenoids (but not the main cerotenoid of these 
cells, spirilloxenthin). (16) 

From the fect thet becteriochlorophyll is involved in 
phototaxis, the conclusion wes drawn thet phototectic resc- 
tions of purple becteria ere induced by e sudden decrease in 
Ite Of photosynthesis. This implies thet the action 
ЕГІП ОП phototexis in R. rubrum is them same es the ection 
БЕЙ СІГІШ оГ photosynthesis. Therefore in purple becteria 
Шишо осогреда in cé@rtein carotenoids will be ective in pho- 
tosynthesis. (13) However, from the comperisdn of the ection 
Spectrum of photosynthesis with the ebsorption spectra of the 
pende, 18018160 by Menten, it should be concluded thet 
ЦРНА cerotenola, spirilloxenthin, 15 inective in photo- 
eyntmesis. thomas meesured the ection spectrum of photosyn- 
thesis end found it to be similer to Menten's ection spectrum 
for phototexis. 

Ihe fect that the locetion of the mexime end minime in 
both action spectra turns out to be exectly the seme is 
strongly in fevor of Menten's hypothesis concerning the iden- 
tity of the ection spectra of phototexis end of photosynthe- 
Бле lO teem becterie. It also gives strong support to Man- 


ten's hypothesis thet the phototectic reections sre besed on 
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the photosynthetic process, end thet, accordingly, the seme 
pigments cre involved in both phototexis and photosynthe- 
EN (19) 

Duysens Пі ТӘ showed, by studies of Tluoresceénce, that 
energy ie transferred between pigmente in purple bacteria 
within the photosynthetic epparetus. The fluorescence ection 
spectrum revealed thet e pertiel transfer of energy from cer- 
SES as to bacterinachlorophyll takes plece, end thet the 
ection spectrum for B 890-fluorescence is proportional to the 
ection spectrum for phototexis (or photosynthesis). B 890 
Ioue bsecterlochlorophyll-protein distinguished by the ab- 
sorption maxima of 8900 А. (4) 

In 1953 Cleyton suggested that spirilloxenthin is pho- 
(сеју ест1туе but thet oné or more of the scercer cer- 
otenoids ere much more ective in proportion to their concen- 
tration in R. rubrum. He also found that the action spec- 
trum is in good agreement with thet obtained by Manten, show- 
ИОК не спагастмерт өтіс bacterliochlorophyll maxime at 5900 
end 8700 A. (2) 

The most likely interpretetion of the results of Menten 
(1948) (12), Thomes (1950) (19), Duysens (1951) (4), and 
Cleyton (1953 I) (2) is thet action spectra for phototexis 

end for photosynthesis in purple becteris are identicel, with 
some carotenoids perticipating 5" trensferring energy to bec- 
Пет ісспіогорпу11. 


Cleyton (1953 II) found thet the setureting light in- 





ШООСУ Гог рпофотехіс Is inflvenceä merkedly by the nature 
of the substrete which serves for photosynthesis. This elso 
supports Menten's hypothesis thet photosynthesis and photo- 
ша ere closely related. In particular, the effect of pro- 
pionate upon the satureting intensity Гог phototexis suggest 
thet the trensient change which is importent in his medietion 
of phototexis is localized in the region of substrete а. 
ШЕШУ Also deecribeä by Cleyton ёге some observations on 

the aerotaxis of R. rubrum. He found that in the derk the 
tactic response is essocieted with e decresse in the rate of 
oxidétive metabolism, just es the phototactic response is 
associated with e decreese in illumination which et oodd 


to e decresse in the rete of photosynthesis. (3) 


Ро: 0208. 
some significent deta concerning Protozoa were tabu- 
leted by Watermen in 1936 (23), es follows (the weve lengths 


most effective for phototaxis are presented): 
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We see that for sell of these protozos, light ebsorbed by 
chlorophyll is inective for phototexis, indiceting that the 
tactic responses are not associeted with photosynthesis. 
Thus, these deta directly support the second half of Clay- 
ton's hypothesis. 

Because Ol thel lack ot moresevidences in the literature 
concerning protozoa, an experiment wes performed by this 
euthor to test Cleyton's hypothesis. This experiment fol- 


lows in Chepter V. 
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CHAPTER V 


ЕХРЕКІМЕМТ: PHOTOTZXIS OF PLATYMCNAS SUBCORDIFOREIS 


Introduction. 

The purpose of this experiment was to learn how repidly 
Platymones subcordiformis, e photosynthetic algs, reected to 
ment under verious degrees of starvation, and to interpret 
the results in terms of thet portion of Clayton's hypothesis 
which states that protozoal heve the ebllity to reect to an 
external stimulus in the absence of exogenous metabolism... 

Cells which hed been exposed to light continuously were 
compered with cells which hed been kept in the derk for five 
days. Both groups were tested es to their rate of photo- 
puce response to e directed light stimulus with end without 


carbon dioxide eveileble to then. 


2. Experimental Method. 

A method was needed by which the rate of trevel of these 
orgenisms could be measured when they responded to e stimulus 
of light. One method which wes available involved the use 
Of calibrated centrifuge capillery tubes. This method, which 
involved driving ell the cells to one end of a capillery 
be Бу centrifugal force, Proved to be unsuccessful. In or- 
meee Oo семена]; the algel cells into the tip of the tube, 


lThe green flegellete protozoens cennot be seperated taxon- 
omicelly from flagelleted green elgee. (17) 


too much force hed to be employed. These organisms did not 
respond to any stimulus and appeared motionless under the 
microscope. Therefore another procedure was devised which 
proved very successful for this particuler experiment. 

In this second procedure, melting point caepillery tubes 
were filled with see weter, and a method wes devised to in- 
ject the elgee into one end of the tube. А11 the ceplllery 
tubes used in the experiment to measure the phototectic re- 
sponse were of the following dimensions: length 1CC mn., 
diameter 2 mm. The tubes were filled with ses weter by cap- 
ШЕГЕРУ ection. 

Greet cere wes taken not to permit any air bubbles to~ 
enter the tube, for this would interfere with the passage of 
algae down the tube. The tube wes then sealed et one end 


with veseline. (See Fig. 1) 


v7 VASELINE SEA WATER Le Sm ALGAE 





A B 


FIEL. 
¿eltine Point Capillery Tube During Injection of Algae 


Weter wes extracted from end B to e depth of 5 mm. The 
medium containing m cells wes then placed in end B by іп- 
serting en extremely fine tube, which conteined the organisms, 
Plone tie “interior side of the lerger cepillery. By this 
method sll air bubbles were completely avoided. Hence, the 
remaining five millimeters of the capillary were filled with 


these active algae. These motile orgenisms were thus con- 
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ЖЕНГЕ ТІГІ в Very smell portion of the cepilisry tube close tc 
end B. | 

Again carefully avoiding air bubbles, end B was seeled. 

Bech end of the cepillery tube wes sealed with vaseline 
to prevent convection currents end other extreneous distur- 
bences from molesting thë algae, and to prevent the absorp- 
tion of cerbon dioxide into the sea weter. 

Every 15 minutes the capillary was placed under the mi- 
croscope and the distance the algee had treveled was measured 
and recorded. As a workable guide, the position chosen for 
measurement between the zone of no cells and the zone con- 
teining cells was arbitrarily chosen to be that position to 
the left of which approximetely ten cells existed. All oth- 


er cells were to the right of this position. (See Fig. 2) 
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POINT OF MEASUREMENT 
Fig. 2. 
Distribution of Algae and 
Position of Measurement. Indicated 
Eight different conditions were compared as outlined be- 
low. Three samples were teken for each condition tested. 
I. "Fed" cells--those kept in e constant source of light. 
1. Directed motion (phototexis) measured. 
e) Carbon dioxide evaileble to cells 
b) Cerbon dioxide not availeble to cells 


2. Random motion meesured. (A control) 


Do 





8) Cerbon dioxide available to cells 
b) Carbon dioxide not available to cells 
II. "Sterved” cells--those kept in the derk for five 
deys. 
1. Directed motion (phototexis) meesured. 
a) Cerbon dioxide evailable to cells 
b) Cerbon dioxide not availeble to cells 
2. Rendom motion meesured. (A control) 
a) Cerbon dioxide evailsble to cells 
b) Carbon dioxide not availeble to cells 
Rendom motion of the cells wes meesured for comparison 
with that motion of the algae due to direct light (1.e., light 
from one direction only). Thus for random motion measurements, 
light wes permitted to enter the capillary tube from ell dir- 
ections. Light from the windows wes only permitted at right 
angles to the long axis of the tube. 
To obtain directed motion due to light from only one di- 
rection, the cepillery tubes were inserted into rubber tubing 


only one end of which wes open. (See Fig. 3) 


Кы кй 
po- 
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Elga 2: 
Directed Light Apperetus 


The open end wes pointed toward a 100 wett light source 
from a distance of 18 inches. 


To obtain see weter free of cerbon dioxide, artificial 
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sea water (8) was tried without success. Although it is 

known that these organisms will live in artificial sea wa- 
ter, it wes found they would not respond to e directed light 
stimulus. Іп this artificial sea water all organisms appeared 
momceese moving end were observed to stick to the sides of the 
Bes tube more readily than under any other condition test- 
ed. 

Good positive phototactic results were obteined from cer- 
bon dioxide-free sea water in another manner. Carbon dioxide 
free air was vigorously passed through both the see water and 
the culture ЖОО oi for five minutes prior to eech test in 
those parts of this experiment in which cerbon dioxide was 
not desired. This carbon dioxide-free air was obtained by 
passing compressed air through ascarite. 

The pH values compered es follows: 

a) Fresh sea weter: pH " 8,20 
b) Carbon dioxide-free see weter: pH = 8.42 

This differencé’in pH might possibly effect the results 
ОТ this experiment. However, this effect wes not investiga- 
reg further. 

it wes surprising to note thet efter five days in the 
dark, Pletymonas subcordiformis cells eppeared es lively and 
es ectivé' as those kept 1n e constant light source; 1.e., both 
meet groups eppeeréd equelly energetic prior to the conducting 


of the experiment. 
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Z. Results. 

ine results of this experiment ere presented graphicelly 
in Fig. 4. (p. 39) The points plotted ere averages of three 
Bees in each case. The mein features to note are: 

a) The "starved" cells reected to the directed light 
stimulus more rspidly than did the well "fed" cells, 
both in the presence of csrbon dioxide and in the ab- 
sence of cerbon dioxide. 

b) The cells deprived of cerbon dioxide reected more 
vigorously to the directed light stimulus then did 
those which had access to cerbon dioxide. 

c) The reaction rate to e directed light stimulus was 
from four to eight times rreater than the motion due 


to random movement. 


a One lusine. 
The results of this experiment indicate thet starved 


Pletymonas subcordiformis elgae move more rapidly toward a 





light source then do well-fed algae, end that those organisms 
deprived of carbon dioxide are even more vigorous than those 
placed in neturel cea water which contains cerbon dioxide. 
Therefore, Cleyton's hypothesis is confirmed in thet these 
algae do have the ability to react to en *externel stimulus 


in the ebsence of exogenous metabolism. 
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CHAPTER VI 


SUMMARY 


After surveying the litereture, initially through the 
Biologicel Abstrects and Chemical Abstracts, the information 
essembled sbove is felt to be quite complete with respect to 
the subject under investigetion. 

Powe neve sen, most of the evidence in the literature 
concerning texic responses end metebolic activities pertain 
to purple bacterie. One possible reason for this is thet 
the conditions in purple becterie are perticulerly fevora- 
ble for an investigetion of the part pleyed by the caroten- 
oids in photosynthesis, since the absorption peeks of the 
БЕЙГІзЗІ свго(епо14в ere*not concealed behind the absorp- 
tion bends of chlorophyll. (16) 

The only evidence so fer which beers on Clayton's hy- 
pothesis st ell is in support of it. It is true, however, 
thet we heve no direct evidence perteining to non-pigmented 
organisms. | 

This euthor therefore concludes that more experiments 
such’ es the one reported in Chepter V ere needed before the 
question cen be settled. In pérticulér, one should also in- 
vestigate the aerotexis of non-pigmented protozoa and bec- 
teria, with end without substrate, (e.g., the colorless 


spirille could be used). 
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